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ABSTRACT

Creep of zinc in the temperature range from =45 C to ¢° C
was investigated by means of spherically shaped single crystal

shear specimens. It was found that creep curves could only be
reproduced when the following conditions were met: (1) the
annealing temperature was near the melting point of zinc, and
(2) the loading time was kept constant.

The initial part of the creep curves could be represented

by the equation E~E; = A log t where E is the creep strain, E,
is the instantaneous strain, A is a constant and t is the time.

However, the latter part of the plot usually curved upward. The
time at which the creep curve deviated from the logarithmic
creep, defined as the transition time, was found to be temperature
dependent. The activation energy associated with the transition
time was about 19,000 cal/mole; it was independent of the applied
stress. This suggested that diffusion was the rate controlling
factor governing the transition time,

The experimental results of this investigation also
suggested that the contrclling factor of logarithmic creep seemed
to be the back-stress rather than the thermal aetivation stress,

as proposed by the exhaustion theory,
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Intreoduction

Experimental evidence has shown that slip is the major process of
creep (1-4). At high temperatures dislocations can climb from one slip
plane to another whenever imperfections are encountered (5,6). At low
temperatures, on the other hand, the mobility of the dislocations is

limited because they cannot climb over the imperfections which cause dis-

locations to pile up. The phenomemen of creep is, however, not confined

to high temperatures; thie fact has been known since 1905 (7,8). Creep
has been observed in cadmium and zinc single crystals at a temperature as l
low as 1.59%K (9). The difference between high temperature and low temper-

ature creep may bs viewed as a difference in the controlling factor-=in

the case where sufficient thermal energy is availabley; the controlling factor

is diffusion,whereas low temperature creep is controlled by the distribution

of imperfections and the stress fields assoclated with them.

Unfortunately, few extensive int >stigations of low temperature creep

behavior have been made. Only after Orowan (10) proposed his structursl
hardening theory and Mott and Nabarro (11) and Smith (12) their exhaustion

theory did it become recognized that low temperature creep might help provide
an understanding of the mechanism of metal plasticity.

One characteristic of low temperature creep is tha extremely small
magni tude of creep strain, as compared with the instantanenus strain. For
exanple, Wyatt (13) observed that the sreep sirain of a copper specimen at
liquid nitrogen temperature under a constant stress of 35,200 psi for a

period of 1,000 seconds was only 0,002 in/in whereas the instantaneous strain
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was 0,060 in/in. In other words, the ereep rate diminishes so rapidly
that the instantaneous strain is practically dal1l that can be seein. Because
of the small magnitude of strain involved, low temperature creep may well
be suspected to be due to processes other than slip, e.g., subgrain formae
tion (11) s grain boundary shearing (L) , etce In orcder to remove the con-
fusion which exists and =simplify theoretical considoration, it would be
desirable to use specimens subjected to simple slip, Simple shear single

crystal specimens, whose advantages have been fully discussed by Parker
ard Washburn (15), seem to satisfy this condition.

The present investigation is a study of low temperature creep by
means of simple shear single crystal specimens. The purpose of the in-

vestiration was to determine, if possible, the nature of low temperature
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Experimental Technique

Spherical singie crysiuls of 99.99% pure zinc one inch in diamster
were grown in a graphite niold in an eleciric furnace in a helium atmosphere.
The furnace was built in such a manner that it had a temperature gradient
of approximately 5°C per inch, being hotter at the top and cooler at the
bottoms The furnace was heated until the temperature at the bottom of the
mold was 100°C above the melting point of zinc; then the power ihput was
turned down so that the equilibrium temperature of the furnage was about
100°C below the melting point. The fwmace, because of its high heat capacity,

required twenty hours tc cool to the finsi temperature.

For determmining orientation, the crystals were polished in concentrated
nitric acid and then etched in 50% hydrochloric acid until the hexagonal
etch pattern was clearly revealed. The crystals were next cooled to liquid
nitrogen temperature and cleaved along the basal plane (0001) with z sharp
knife edges The slip direction [5110] was determined by cleaving a thin layer
of the basal plane half way across the crystal; the line of fracture followed

the [ZLIO] direction (the slip directicn)e

Next, the crystals were acid-machined into a dumb-bell shape for
simple shesr tests. The test section was cylindrical in shape; having a
length of 0.125 inch and a diameter of 0,653 inch. The sripping assembly
for simple shear tests is shown in Fig. 1. The crystallographic aligmment
of the specimen with respect to the external load was such that the (ﬁlOJ

direction was parallel to the shearing force.
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The creep testing machine was of the conventional level-arm type.
However, the level arm ratio was only 1:1.25, since the maximm load in
this investigation never exceeded 15 pounds. A set of dead weights hung
on the longer arm of the machine provided the necessary loade The loading
time was adjusted so that it was fast enough to establish the initial rate
of creep but was slow enough to avoid impact conditions., This was accomplish-
ed by means of a hydraulic jack with a constant-speed moving head which ap-~
plied the weight to the s pecimen.

The actual load on the specimen was measured directly with a dynamometer
mounted on the extension rod of the specimen., The dynamometer aiso served two
additional purposes, (1) to determine the shortest time for loading without
perceptible impact, and (2) to mark the time at which instantaneous strain
ends and creep begins. The strain was calculated from the readings of an
0.0001" dial gauge extensometer., Usually, toward the latter part of the test
the creep strain would become so small that for accurate reading of the
extensometer a low power microscope had to be used. With 50 magnification,
extensions up to 2x10~6 inches could be observed; this corresponded to a

strain of 1.6x10-5, Fig, 2 shows the creep test set up schematically.

For tests at 0°-C; the s pecimen was immersed in a Dewar flask containe
ing water-ice. For tests at the temperature range between =50°C and -10°C,
the specimen was immersed in a Dewar flask containing ethyl alcohol. The
temperature of this bath was maintained constant in the manner shown schemat-

ically in Fig. 3. The ethyl alcohol was circulated by an electrical pump
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e e e i

......

404 3SN W3ILSAS NOILVINIHID IHL 40 WYHOVIAQ JILVNIHIOS ¢ 914

"%

S3IANLS d3I3IND JUNLYNIAWIL INVISNOD

e

r

H1v8

34NLVY3IdW3L

ANVLSNOD

_ |-

f

/

SYIOA3S3Y
4 1V3H

O—~)

dWNd TvII14¥10313

%902
340-1nHS
AVM 33YHL



e — i

-

-
_,.p“..."_

through aluminmum pipes. These plpes were immersed in two constant-
temperature heat reservoirs, one containing ethyl alcohol and dry ice,
the other water and ice. The temperature of the ethyl alcohol circulat-
ing in the pipes was controlled by a 3-way shut off cock which could be
used to adjust the amount of alcohol going through each of these two heat
reservoirs. The testing temperature could thus be maintaine? constant

within 1°C.
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Experimental Procedure and Results

Reproduclibility of experimental results is a necessity. A

previous investigation(16) had revealed that amnealing at L4OO°C for one
hour could completely remove 2ll the previous cold working so that =tress-
strain curves could be reproduced. This reproducibility was confirmed by
Edwards and Washburn (17). A careful review of the work by Brown, Washburn
and Parker (18) on room temperature creep with the same kind of specimens
showed that the annealing treatment they employed (260°9C for one hour) was
not close enough to ihe melting tempergture of zinc to permit reproduction

of the creep curve,

In the present investigation, the annealing procedure was standard-
ized as one hour at LOOSC followed by furnace =ooling to room temperature;
the total cooling time was 2% hours. To avoid oxidation of the specimen
surface, annealing was carried out in a helium atmosphere. The loadingz time
for creep tests was standardized at L seconds. This particular time was
found to be the shortest possible loading time without introducing perceptible

impact. With these precautions reprcducibility of the creep curve was achieved,

Fig. L4 shows the reproducibility of creep curves from a same single
erystsl. It should be noied that althougih the creep curves were reasonably
well reproduced, the instantaneous strain was not consistent. For example,
for the tests at =7.5°C, the instantaneous strain varied from 0.036L to

0,0382. On the other hand, the instantanecus strain was not as sensitive
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to temperature az was the creep sitrain. As demonstrated by the creep curve

in Fig.lL, under the same constant shear stress of 3l4.l psi the creep strain
for 900 seconds was 0,01L5 at =7.5°C, almost two and a half times as that at

~U5S°C; but the instantaneous strain at =7.5°C was only 8% larger than that

at -145°,

With regard to the creep curves themselves, Fig.li shows that at =/;50C
the rate of creep is high in the first few mimites but diminishes rapidly
with time. For example, at 10 seconds, the creep rate was 1.7x10"h per second,
and at 2,000 seconds, 8.5x10~7 per second. Philips (N suggested that the
low temperature oreep curves could be represented by the following equation:

E—&E=Klgt
where & = creep strain

&,= instantaneous sirain

,4 = constant

= time
A replotting of data from Fig. L on a semi-log scale as. shown in Fig.5,
demonstrated that the curves obtained at -4S°C followed this behavior up to
the end of the test. Those obtained at the other two temperatures (-7.5°C and
=180C) were straight lines for the initial portions only and curved gradually
upwarde These observations seem to be in 1line with observations made by
Davis and Thompson (19) Wyatt (13) , Philips (7 » Chevenard (20) » Laurent and

Budier (&) and Haasen and Leibfried(22),

It is interesting to note that the atraight iine portions in this

semi=log plot are parallel in the temperatvre range between =7.500 and -);5¢¢
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under constant stress, yet the transition time (i.e., the time when the curve

begins to curve upward) was a function of temperature. For a better under-

standing of the phemnomenon, a single crystal specimen wes tested at three

different temperatures under six different stresses. Fig. 6 to Fig. 11 show

the results plotted on s semi~log scale. It seems apparent that the transition

time varied with temperature in a regular manner under constant stress, but

not with stress at constant temperature as tsbulated below:

Temperature Transition Time (in seconds)
under Constant Stress (psi) of

% 2L.9  27.6 30,7 33,1 36,2  39.6

0 60
=10 240 30
-18.6 70
-20 900 138 60 110 70
=24 180
-3 720 3% 600 360
-35.3 1280
~39.6 1500 3000 1800
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Discuassion

At low temperatures the major contributicsn of creep strain occurs
within the first few mimites. This strain, according to the exhaustion
theory (11), mst be due to the fast moving dislocations. The rate of motion
of these dislocations is controlled by a thermal activation energy, Qs In
its simplest form, as suggested by Mott (23), it is expressed as

Q= XE
G,
whare ris a function of applied stress, 6: is the stress at which novement of
dislocations is possible without the help of thermal vibration, and & is the
creep strain. Thus Q would be directly proportional to & . Hence, the creep
strain during the first few mimites constitutes the major ‘portion of the

creep strain,

The results of the present investigation, however, point to an ex~
planation of this phenomenon which seems tc contradict the role of the thermal
activation energy pictured above. According to the present results; the
transition time can best be explained as governed by a diffusion process
which constrols the rate of climb of dislocations out of the slip planes (2,
Fig. 12 is a plot of log % against ,}, s using the experimental resuits in
the table shown above. The linear relationship between log & and % is well
established, Thus the followiung expression holds:

- 8 -2
ty e ®1 . 4, e BR

where tq is the transition time at '1‘1, and t2 is the transition time at 'nz.
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This formula is applicable because in the present investigation the ex-
perimental conditions were confined to such a narrow temperature range
that the state of the material at different temperatures would be sub-
stantially the same at the transition time. Because the differences
among the instantaneous strains under constant stress at different
temperatures was within the range of scatter at the same testing temper-
ature, it could be assumed that the total number of active Frank-Read
gsources was approximately the same, regardless of temperature. Also,
because all the linear portions of thé gsemi-log plots under constant
stress were approximately parallel, it could be assumed that the nature
of the lattice imperfections was about the same. It should be further
noted that all the straight lines in Fig. 12; {hough characterized by
different stresses, are parallel in spite of the fact. Hence, it seems
apparent that the slopes are independent of stress. Fnrthermo;e, the
activation energy calculated for the transition time was approximately
19,000 cal/mole, which is very close to the Q values obtained from self=-
diffusion along the C-axis (21,800 cal/mole(zs)), from high temperature
creep (20,000 cal/mole(eé)), and from stress-induced motion of small

angle boundary (21,500 cal/mole(S)).

In view of the foregoing, it would seem more appropriate to account
for the phenomenon of decreasing rate of low temperature creep by develop-
ment of a back stress, rather than by exhaustion of dislocations. It secms
a reasonable assumption that by the time creep begins, a certain number of
Frank-Read sources have already become active in gencrating dislocations.
The fact that the rate of generating ncw dislocations decreased is more
probably due to the back stress produced by the piling up of former dis-

locations on the lattice imperfections. Edwards and Washburn(17) have shown
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that at liquid nitrogen temperature back stress increases with plastic

strain, It should be emphasized here that creep tests were performed

under constant stress, which means that the driving force for generating
dislocations remained constant, whereas the back stress increased with time.
As the back stress increased, the creep rate decreased. The role that
thermal energy plays in this process seems to be that it decreases the

back stress by releasing the piled-up dislocations. This seems to occur

by "dislocation climbing®", a process which holds particularly true for

high temperature creep. The significance of the transition time as a function

of temperature lends support to this argument.
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Sumsary

= Reprocducibility of the creep curves makes it pessible to
discuss creecp with more assurance. The necessary conditions for
rerroducibility seem to be: (1) arnealing at a temperature close
enough to the melting point, and (2) a consistent icading time
involving negligible impact for the creep tests,

~ The transition time, defined as the time at which the
creep curve deviated from the logarithmic ereep, was found to
be temperature-dependent, The creep at the transition time was
governed by diffusicne The calculated activation energy was
19,000 cal/mole, and independent of the applied stress,
For the phenomenon of low temperaturs creep hack stress

seems to offer a more probable explanation than the exhaustion

i of dislocations,

’ Acknowledgment
|

]

Thunks are due to Mr. Leslie Seaborn ard Mr,. Robeft Arneson

for their assistance in the construction of apparatus.

- e e T ——EE T ey e e 4N G AT A B L Y RS 46 S GMIRRYOS (S 1 T eSS ——— Wy
- . e o

P



- ey

References

(1) Mclean, D. J. Inst. Metal 80 (1951-1952) 507

(2) Mclean, D. J. Inst. Metal 81 (1952-1953) 133

(3) Mclean, D. J, Inst. Metal 81 (1952-1953) 287

() McLean, D. J. Inst, Metal 81 (1952-1953) 293

(5) 14, C.H., Edwards, E. H., Washburn, Jo and Parker, E. R.,
Acta Metallurgica 1 (1953) 223

(6) Bainbridge, D. W., Li, C. H. and Edwards, B. H., Acta
Metallurgica 2 (195L) 322

(7) Phillips, *., Phil, Mag. 9 (1905) 513

(8) Andrade, E. '. Da C., Proc. Roy. Soc. (A) 84 (3910) 1

(9) Meissner, W., Polanyi, M. and Schmid, E., Zeit. Phys. 66
(1930} L77

(10) Orowan, E. J., West Scotland Iron and Steel Inst. (1947)

(11) Mott, N. F.. and Nabarro, F. R. N., Rep. Conf. on Strength of
Solidsy,Phys. Soc. London, (1548) 1

(12) Smith, C. L., Proc. Phys. Soc. London 61 (1948) 201

(13) Wyatt, O. H., Proc. Phys. Soc. (B) 66 (1953) LS9

(14) Conard, G. P., Averbach, B. L.. and Cohen, M., Jo Metals 5_
(1953) 1036

(15) Parker, E. R. and Washburn, Jd., Modern Research Techniques in
Physical Metallurgy, A. S. M. (1953) 186

(16) Prown, N., Washburn, J.. and Parker, E. Re; J. Metals S
(1953) 1229

(17) 14, C. H., Washburn, J., and Parker, E. R., J. Metals 5.(1953) 1223

T awinad

26,




FREAC AT PN et

B

(18)
(19)

(20)
(21)
(22)
(23)
(24)
(25)

(26)

Edwards, E. H, and Washburn, J., to be published in J. Metals
Davis, M. and Thompson, N., Proc. Phys. Soc. (B) 63

(1950) 8L7

Chevenard, P., Rev. Metall, 31 (193l4) 473

Laurent, P, and Eudier, M., Rev. Metall.}47 (1950) 39
Haasen, P., and Leibfried, G., Metallkunde L3 (1952) 317
Mott, N. F., Phil. Mag. 4l (1953) 742

Mott, N. F., Proc. Phys. Soc. (B) (1951) 729

Shirn, G. A., Wadja, E. S. and Huntington, H. R., Acta
Metallurgica 1 (1953) 513

Pickus, i R. and Parker, E. R., Trans. ADDE 191 (1$51) 792

27,




R

SV ——

S

‘v

TECHNICAL REPORT
Distribution List
N7onr-29516 NR-039-009

Chief of Naval Research, Attn: Metallurgy Branch, Code 423, Office of

Naval Research, Washington 25, DeCo o 6 ¢ 6 ¢ ¢ ¢ ¢ 6 ¢ ¢ 0 06 06 0 ¢ o
Director, Naval Research, Atin: Lab, Technical Information Officer,
thhington 25, DeCo o6 06 6 06 6 6 6 6 ¢ 0 6 66 406060 80000 oo

Bureau of Aeronautics, USN, Washington, D.C.
}I E. Pxomsel AE—‘J-]- o (] L o o L] [ ] [ ] L] L] L] [ [ ] [ ] L J L L] L L J
Techs Library TD=ld s o 0. o » © & o © » ® @ o ® @© =
Bureau of Ordnance, Navy Dept., Washington, D.C.

Rex. [ ] [ ] L ] e o o [ ] e L] o e o e o o L] L ] ° o o L

Tech. Library'Ad‘Bo @ 6 06 06 06 06 ©¢ 0 © 0 0o e o0 o
Naval Ordnance Lab., Washington, Materials Labe. o » .
UsS. Bureau of Ships, Navy Dept., Washington, D.C. .

Code 330 © 6 6 06 0 06 © 06 ¢ 6 06 0 0 06 © o0 e o o

Code 337L, Tech. Lib, e 6 6 6 06 06 © © 06 o o o o @
U.5. Naval Engineering Exp. Sta., Annapolis, Md,, Metals Lab

No.Ys Naval Shipyard, Director Material Lab., Brooklyn, Code
Pcst Graduate School, U,S. Naval Academy, Monterey, Calif,,
Attn: Metallurgy DePto o o o ¢ o « ¢ 6 6 ¢ 6 o o 0 o o o

Supt., Naval Gun Factory, Washington, DeCe o o o o o o o @
Director, Naval Research Lab., Washington; D.C.

Code 700, Metallurgy Division o ¢ o 6 6 « ¢ ¢ ¢ ¢ ¢ o

Code 1869 Teche Libo o 6 o 6 6 06 6 ©« 6 ¢ 2 06 o ¢ o o @
Chief, Bureau of Yards and Docks, Washingtons; DeCe o o o o o o
Commanding Officer, U.S. Naval Ordnance Test Stationy, Inyokern,
Commanding Officer, Naval Air Materiel Ceater, Philadelirhia, Pa.
Commanding Officer, Watertown Arsenal, Massachusetts o« ¢ o o o o
Commanding Officer, Frankford Arsenal, Philadelphia; Pa. o o« o o
Office of Chief ¢f Engineers; Dept. of Army, Washington, D.Co . »

Y
e 2 o ® o
e v o o o

Do o 0 35 o o o

Q

-J® ¢ © s+ o o o

Cle o o

al

t;o * o

U.S. Air Forces Research & Develcpment Division, Washington, D.Ce -
U.,5. Atomic Energy Commission, Division of Research, Washington, D.C.
National Bureau of Standards, Washingtons; DoCe o ¢ ¢ o ¢ ¢ o o o o o

National Advisory Committee for Aeronauties, Washington, D.C. « o
Director, Office of Naval Research, Branch Office,

3Lk6 Broadway, New York 13, New YOIk o o o o o = o 0 o o o ¢ o o
Director, Office of Naval Research, Branch Office,

86 East Randoiph Stey Chicago 1, T11inois o ¢ o « 6 0 ¢ o o ¢ o
Mreciors, Office of Naval Research, Branch Office,

1000 Geany Street, San Francisco 9, Californife o o« o o o o o o
Director, Office of Naval Research, Branch Office,

1030 East Green Street, Pasadena 1, Californias o o s o o o o o

°

Dr, Hoylande D, Young, Argonne Nat'l. Lab., P,0.Box 299, Lemont,IlJ.. .

B. H. Fry, U.S. Atomic Energy Commission, 1901 Constitution Ave.s; NoW.

Wéshington, D.C. © 6 06 © 0 0 0 ®© 0 ® & © © 6 0 6 06 06 0 ¢ & ¢ © & o &

Carbide and Carbon Chemicals Div.; Plant Records Dept.;

*® o o © > o o o L]

Central Files (K=-25), Oak Ridge, TEnNeSS€6 o o o o o o 0 ¢ o o o o o o

Carbide and Carbon Chemicals Div., Cehtral Reports & Information Office,

(Y-IZ), Oak Ridge, Termnessee o o ¢ o ¢ ¢ © s 6 ¢ ¢« 06 ¢ o o o 06 o o o o

No, of
Cogiea

H M HHEERPRFPHEPREREFE HRE HRERPW HREW BFW on N

n Ll o N

(W




Distribution List (Cont'd,.)

Miss M. G, Freidank, General Electric Co., Technical Services Div.,
- Tech. Information Group, Richland, Washington ® © o 06 o 6 o o o 0 0 o
Dr. F. H. Spedding, Iowa State CO]lege, Ames, Jowa e © 06 6 ¢ o ¢ o o ¢
Document Librarian, Knolls Atomic Power Lab., Schenectady, New York .
Document Custodian, Los Alamos Scientific Lab., Los Alamos, New Mexico.
Pr. J. J. Burgage, Mound Lab., U.S.Atomic Energy Comm., Miamisburg, Ohio
Division of Technical Information and Declassification Service, N.Y.,
Operations Office, Ansonia Station, New York, NeYe o o o o ¢ ¢ o « o
Central Files, Oak Ridge Nat'l, Lab., Oak Ridge, Tennessee « o« o o o o
Mr. Dale N, Evans, Sandia Corp. Sandia Base, Classified Document
Division, Albuquerque, New MexXico o o o o o o o o ¢ o o 0o 0 ¢ 0 o o o
U.S. Atomic Energy Commission Library Branch, Technical Informaticn,
Oak Ridge, TennesSS€e o o o o « o o + o 06 ¢ ¢ ¢ 6 06 o o 6 066 06 0 00
Dr. R. K. Wakerling, Radiation Laboratory, Univ, Of Califommia,
i Berkeley, California o o o« ¢ ¢ ¢ ¢ o ¢ ¢ 5 ¢ 06 06 6 06 6 6 ¢« o o 0 o o

Asst, Naval Attache for Research, American Embassy Navy #100, New York,
Dr. R. F. Mehl, Carnegie Institute of Technology, Pittsburgh, Pa. . «
Dr. Robert Maddin, Dept. of Mechanical Engineering, Johns Hopkins Univ,
® Dr, Co S. Smith, Inst, for Study of Metals, Chicago University « « o o
Dr. Henry Eyring, University of Utah, Salt Lake City, Utah o o o ¢ o o
Dr., F. A. Biberstein, Jr., Catholic University, Washington, D.C.
F - Battelle Memorial institute, Columbus, Ohio, Attn: Mr., H, C. Cross
Mr, A. J. Sindeband, American Electro Metal Corp., Yonkers, N,Y. .

PRAR e

T~

Librarian, Westinghouse Electric Corp., Atemic Power Div., Pittsburgh, Pa,

.

e & o & O » o

Dr. R. L. Fullman, Research Lab., General Electric Co., Schenectady, N.Y.

i Prof. Clark, Calif. Institute of Technology, Pasadena, California «  «
Dr. Finn Jonasson, National Academy of Sciences, Washington, D.Ce o &

Dr. J. S, Koehler, Carnegie Institute of Technology, Pittsburgh, Pa,
Prof. M. S. Sack, Cornell University, Ithica, New York . ¢« o « ¢ o o«
i Prof, W, Prager, Brown University, Providence, Rhode Island . « o o
Dr, L. V. Griffis, Armour Research Foundation, Chicago, Illinois.
Dr. W. C. McGregor, Univ. of Pennsylvania, Philadelphia, Pas .
i Dr. J. E. Dorn, University of California, Berkeley « ¢ o ¢« ¢ ¢ o
University of Californi=, Berkeley, Department of Engineering . . «
Dr, Frederick Seitz, Physics Dept¢, University of Illinois, Urbana, Tll,

Dr. Thorton Read, Bell Telephone Laboratories, Murray Hill Laboratory,

Murray Hill, New Jersey « o« « ¢ o ¢ 6 ¢ ¢ ¢ ¢ 6 06 ¢ o ¢ ¢ 06 ¢ v o o o

Prof.. F. H. Beck, Dept., of Metallirgy, University of Illinois, Uibana, TI1l,

Prof, W, M, Baldwin, Metals Research Lab.,, Case Inst, ¢f Technology,
Cleveland 6, OhiO ¢ o o ¢ o ¢ ¢ o o ¢ ¢ 5 6 06 06 6 606 060 ¢ 00 0 0 .
Prof, R. M, Brick, University of Pennsylvania, Philadelphia, Pas o+ o .

Piof, Thomas Read, Department of Metallurgy, Columbia Univ., Wew York, N.Y.

Office of Ordnance Research, Duke University, 2127 Myrtle Drive,
Durham, North Carolina, Attn: Dre A. Goe GUY o ¢ ¢ o ¢ ¢ o o 0 ¢ o o
o H. Markus, Pitman Durm Lab. Dept., Frankford Arsenal, Bridge and Tacony
Sts., Philadelphia 37, Pae o o 606 060606 ¢ 06 06060 0606006000200
Prof, Charles S. Smith, Dept. of Physics, Case Institute of Yechnology,
y UniVQPSity Circle, Cleveland 6; OhliOe o « o o o ¢ 06 606 06 0 60 0 o 0
Dr. R. D. Potter, 14,07 Michelson Lab., China Lake, Inyokern, Calife o «

T T o e e o Yy 2 s G

g -~k -'Ym.' ~¥

ii

" No. of

Cogiea

HHEHHEHMEOHM H H HH HHEHHEE

HWHHRHMHHESP PP

i e i el ol e




Distribution List (Cont'd.)

No, of
~ Copies

Dr, E, Orowan, Dept. of Mech., Eng., Mass. Inst. of Technology,
Camb‘-:idg639,Mass.o......o.......e..........
& Brookhaven National Laboratory, Tech. Information Div., Attn: Research
Lib., Upton, LongIsland, New YOrk o o ¢ ¢ ¢ o ¢ 06 6 0 ¢ o« 0 ¢ 0 0 s o
Dr. Do S. Billington, Oak Ridge National Laboratory, P. 0. Box P,
Oak Ridge, Tennesseey, Attn: M. L. Bray, Supervisor, Central Files
Dept., InfomationandReports Division « ¢« o ¢« o s ¢« ¢ 6 6 ¢ 6 ¢ ¢ ¢ o
John R, Cuthill, Enameled Metals Section, National Bureau of Standards,
'.f-'ashington25,D.C..o......................o.
Dr. N, J. Grant, Department of lMetallurgy, lMassachusetts Institute of
Technology, Cambridge 39, Massachusetts o s« o ¢ ¢ « o ¢ ¢ s o o ¢ o o
Prof, Charles Kittel, Physics Dept., Univ., of Califl., Derkeley, Calif,
Prof, M, Cohen, Mass. Institute of Technology, Cambridge 39, Mass, .
Prof, A. Goldberg, U.S. Naval Post Graduate School, Monterey, Calif.
Dr. Ce S, Barrett, Inst. for the Study of Metals, Chicago University,
Chicago,IlliHOiSooooooo.oonoooooooooooooo
Dr. S. Smoluchowiskl, Carnegie Inste. of Tech. Schenley Park, Pittsburg 13, Pa.
Dr, S, Weissmann, Ruigers University, New Brunswick, New Jersey « « o o o
Armed Services Technical Information Agency, Document Service Center
Knott Building, Dayton 2, Ohio o o ¢ o ¢ o ¢ ¢ ¢ ¢ ¢ 6 ¢ ¢ o ¢ ¢ o o o
& Office of Technical Services, Dept. of Commerce, Washington 2%, D,C,
E. Ho Edwards, 4623 Elmwood Road, Richmond, Ccliforni2. s ¢ o ¢ ¢ o o
Dr, George C. Kuczynski, Metallurgy Dert., University of Notre Dame,
~ SouthBend,Indiana........o........o........
Wright-Air Development Center, Wright-Patterson Air Force Base, Ohio
Attne: Materials Lab, (V]CRTL“é) @ 6 0 6 6 ¢ 6 © ¢ 0o 6 © ¢ 0 © ¢ o o © o
Aeronautical ReSo Lab. (WCRML) @ @ o © © o ¢ @ © o o © o @ @ © o o
Dr, B. D, Cullity, University of Notre Dame, South Bend, Indianae o .
Office of the Commanding Officer, Department of the Army, Pentagon,
Washington 25, D.Ce, Attn: ORDTBy, E, L, Hollady o o « o o o o o o o o

)

e & o & o o

o o o @

[ ]
HEE RPHEH & R

L]
L]

N MMM e

-

ot beang ey |



	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035

